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Functional expression of gap junction proteins can be obtained conveniently with the paired oocyte cell±cell channel
assay. So far all gap junction proteins (connexins), with the exception of one, have been found to make functional channels
either by themselves or as hybrid channels (two hemichannels of different connexin composition). Connexin33 (cx33)
appears not to follow this rule. Expression of cx33 in oocytes does not yield functional channels, and attempts to identify
another connexin with which cx33 can form hybrid channels have failed so far. The observation was made that cx33
inhibits functional expression of other connexins in a connexin-speci®c way. While expression of cx32 remains unaffected
by coinjection into oocytes of cx33 mRNA together with cx32 mRNA, junctional conductance obtained with cx43 is
marginally reduced whereas coinjection of cx33 mRNA at equimolar concentrations almost completely abolishes functional
cx37 expression. The fact that testis is the only tissue found to express signi®cant levels of cx33 mRNA together with
cx37 and cx43 suggests a possible functional role for an inhibitory connexin. A model is proposed where cx33 limits a
cell's capability to make functional channels by allowing formation of heterotypic channels with other cells while formation
of homotypic channels is disallowed. Such a mechanism would permit asynchronous maturation of germ cells while at
the same time allowing communication between germ cells and Sertoli cells. q 1996 Academic Press, Inc.
INTRODUCTION tis. Using the oocyte expression assay, we tested the chan-
nel-forming ability of connexin33 and its interaction with
other connexins.Connexins are members of a family of proteins that form
The testis has been thoroughly scrutinized for the pres-gap junction channels (Paul, 1986; Dahl et al., 1987; Beyer
ence of gap junction channels with both morphological andet al., 1990; Willecke et al., 1991a; Bennett et al., 1991;
functional (cell coupling) assays (Gilula et al., 1976; MeyerHae¯iger et al., 1992; Beyer, 1993). Individual members of
et al., 1977; McGinley et al., 1977, 1979; Pelletier andthis group are found in a tissue-speci®c distribution. This
Friend, 1983; Risley et al., 1992; Perez-Armendariz et al.,
suggests that the various connexin channels exert different
1994; Varanda and Campos de Carvalho, 1994). These stud-
functions in different tissues. The various connexins can ies have established that Leydig cells can be coupled to one
interact with each other in two ways. First, several connex- another, that Sertoli cells are extensively connected to each
ins can form hybrid channels composed of two different other by gap junctions, and that Sertoli cell±germ cell gap
homomeric hemichannels (Werner et al., 1989; Swenson junctions exist. However, no germ cell±germ cell coupling
et al., 1989; Rubin et al., 1992). Second, coexpression of was detected. It has been speculated, therefore, that inter-
connexins in cells of some tissues (Nicholson et al., 1987; cellular communication plays an important role in sperma-
Stauffer, 1995) probably allows the formation of hetero- togenesis and other testicular functions. The present study
meric hemichannels, that is, hemichannels composed of a shows that the testis-speci®c connexin33 exerts a connexin-
mixture of connexins. Here we describe the properties of a speci®c inhibitory action on cell±cell channel formation.
connexin with extreme tissue speci®city, found only in tes- We hypothesize that the biological role of this connexin is
to warrant asynchronous maturation of germ cells. A pre-
liminary report of this work has been presented earlier1 Present address: Department of Ophthalmology, Johns Hopkins (Chang et al., 1994).
University School of Medicine, Baltimore, MD 21287.
2 To whom correspondence should be addressed at Department MATERIALS AND METHODSof Physiology and Biophysics (R-430), University of Miami School
of Medicine, P.O. Box 016430, Miami, FL 33101. Fax: (305) 243- Oocyte assay. The oocyte assay was performed as described
(Dahl, 1992). Brie¯y, female Xenopus laevis were obtained from5931. E-mail: gdahl@mednet.med.miami.edu.
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Xenopus I (Ann Arbor, MI). Oocytes were isolated from the ovaries
by collagenase (Worthington Biochemical Corp., Freehold, NJ)
treatment. Oocytes were injected with 50 ng in vitro-transcribed
connexin mRNA. Eighteen to 24 hr later, the vitelline layer was
removed by forceps and the oocytes were incubated with soybean
agglutinin (10 mg/ml) for 20 min (Levine et al., 1991). After washing,
the oocytes were paired, with the vegetal poles facing each other
(Levine et al., 1993). Junctional conductance was determined 2 hr
after pairing with the dual voltage-clamp procedure (Spray et al.,
1981).
Preparation of connexin mRNA. Connexin-speci®c mRNA
was transcribed in vitro according to standard protocols (Melton et
al., 1984). The template for cx37 was derived from a cDNA clone
(CX37B12) obtained from Dr. K. Willecke (Willecke et al., 1991b). FIG. 1. Northern analysis of various rat tissues and cell lines. The
A SmaI±XhoI fragment of Cx37B12 was subcloned into compatible cx33 coding region is represented in the probe which hybridizes
HincII±Sal I sites of PGem3Zf(/). Transcription was performed with the 2-kb cx33 mRNA but also with the 3-kb cx43 mRNA
with T7 polymerase. because of the high degree of identity (75%) between these connex-
The template for cx33 mRNA was derived from a genomic clone ins. Lane 1: TM3 cells; lane 2: TM4 cells; lane 3: testis; lane 4:
(Chang, 1993) isolated from a rat genomic library (Lambda GEM- ovary; lane 5: uterus (nonpregnant); lane 6: heart; lane 7: brain; lane
11, Promega Biotech, Madison, WI) by screening with cx43 cDNA 8: liver; lane 9: kidney; lane 10: spleen; lane 11: lung. In addition
as a hybridization probe (Beyer et al., 1987) obtained from Dr. E. to these tisues Hae¯iger et al. (1992) tested lens, pancreas, skin,
Beyer. The genomic clone contains the coding region for cx33 and stomach and in that study testis also was found to be the only
(Hae¯iger et al., 1992) except the codons for the 12 carboxy-termi- tissue to express cx33 at detectable levels.
nal amino acids. Reconstruction of the complete carboxy-terminal
sequence and modi®cation of the 5*-¯anking region to yield a Ko-
zak (Kozak, 1986) consensus sequence as well as convenient clon-
ing sites were performed by cassette and PCR mutagenesis. The
membranes (Maniatis et al., 1982). Hybridization was performed
ampli®cation product was puri®ed and subcloned into the BamHI
in 50% formamide at 427C, and washing was done, progressively
and SacI sites of pGem3Zf(/). The complete insert was sequenced
lowering the SSC concentration until background levels as deter-
to assure that no unwanted mutation was introduced in the coding
mined with a Geiger counter became negligible.
region by the PCR ampli®cation. Cx33 mRNA was produced from
this template with SP6 polymerase.
In experiments involving cx43, oocytes were preinjected 24 hr
RESULTS AND DISCUSSIONbefore the connexin mRNA injections with an antisense oligonu-
cleotide to cx38. Cx38 is the oocyte's endogenous connexin, is
The connexin33 gene was isolated by screening a genomicresponsible for low-level background coupling, and has been shown
to effectively form hybrid channels with cx43 (Werner et al., 1989; rat library with rat connexin43 cDNA as hybridization
Swenson et al., 1989; Dahl et al., 1992). Antisense oligonucleotides probe. The isolated clone (9111) contained the transcription
to cx38 are now routinely used to reduce the contribution of cx38 start site, 9 kb of upstream sequence, a 100-base exon I, a
to the oocyte coupling (Barrio et al., 1991). The following sequence 3-kb intron, and an exon 2 containing an 822-base open
was used for the oligonucleotide: 5*AGTAATTCCCATCCTGCC- reading frame without a stop codon (Chang, 1993). A differ-
ATGTTTCAC. ent fragment of the same gene was isolated independently
In vitro translation. Connexin RNA transcribed in vitro was by inverse PCR (Hae¯iger et al., 1992). This fragment con-
used to carry out cell-free translation in a rabbit reticulocyte trans-
tained the complete coding region of connexin33 for 286lation system (Promega Biotech, Madison, WI). Canine pancreatic
amino acids. Sequence comparison revealed identity be-microsomal membranes were added to the translation reaction to
tween the two clones except that clone 9111 terminated 12enhance the yield of full-length product. The 35S-labeled translation
amino acids short of the termination codon.product was taken up in SDS sample buffer (1% glycerol, 2% SDS,
Northern blot analysis of various rat tissues and cell cul-0.2 mg/ml bromophenol blue, 10 mM Tris±HCl, 5% b-mercapto-
ethanol) and loaded on a 15% SDS±polyacrylamide gel for electro- tures with the connexin33 coding region as hybridization
phoresis and subsequent autoradiography. probe con®rmed the strict tissue-speci®c expression of this
Tissue culture. TM3 and TM4 cells are derived from Leydig connexin in testis (Fig. 1), as described earlier (Hae¯iger et
and Sertoli cells, respectively, and were obtained from the Ameri- al., 1992). The tissues tested in both studies include brain,
can Type Tissue Collection (ATCC, Rockville, MD). The cells were heart, kidney, lens, liver, lung, ovary, pancreas, skin, spleen,
maintained in DMEM:Ham's F12 (1:1) medium (Gibco/BRL, Gaith- stomach, testis, and uterus. Because of the high degree of
ersburg, MD), supplemented with 20 U/ml penicillin, 0.1 mg/ml
identity between connexin33 and connexin43, the con-streptomycin, 4.5 mg/ml glucose, 5% horse serum, and 2.5% fetal
nexin33 probe also detected connexin43 mRNA that is eas-bovine serum.
ily distinguished from connexin33 mRNA by its larger size.Northern blotting. RNA was isolated using the TriReagent
Two cell lines, TM3 and TM4, derived from Leydig andSystem (Molecular Research Center, Inc., Cincinnati, OH) ac-
Sertoli cells, respectively, showed no expression of con-cording to the manufacturer's speci®cations. RNA samples were
subjected to agarose gel electrophoresis and blotted onto nylon nexin33 but expressed connexin43 at high levels. In testis,
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FIG. 2. Transjunctional voltage and current traces recorded from
oocyte pairs expressing various connexins. For all records the volt- FIG. 3. In vitro translation of connexin33. 35S-labeled in vitro
age trace is on the top and the corresponding current trace below translation products were analyzed by SDS±gel electrophoresis and
as indicated in (a). The oocytes are voltage-clamped at 050 mV autoradiography. The following RNAs were used as input for the
holding potential. For determination of the junctional conductance translation system: lane 1, antisense RNA; lane 2, cx33 mRNA;
the membrane potential of one oocyte of a pair is stepped for 4 lane 3, control mRNA supplied with translation kit, a-mating fac-
sec to a hyperpolarizing potential to produce the transjunctional tor from S. cerevisiae (Promega).
voltage Vj resulting in the transjunctional current ij . The junctional
conductance is calculated by gj  ij/Vj . The scale is 10 sec (hori-
zontal bar); the vertical bar represents 10 mV for all records and 10
nA for (a) and (c), and 50 nA for (b). Oocytes were injected with
formation of functional channels is unlikely to be due to amRNA for the following connexins: (a) cx33; (b) cx37 / H2O (1 /
1); (c) cx37 / cx33 (1 / 1). failure of translation of the cx33 mRNA.
Since connexin33 is found in testis together with other
connexins, the possibility existed that it may form exclu-
sively hybrid channels with another connexin. This was
tested by pairing connexin33 mRNA-injected oocytes withconnexin33 is found together with connexin43 and another
connexin, connexin37 (Hae¯iger et al., 1992; Willecke et oocytes expressing either connexin32, connexin37, or con-
nexin43.al., 1991b). Except for connexin43, which has been localized
to Sertoli cells (Risley et al., 1992), the precise sites of ex- None of these hybrid pairs of oocytes yielded junctional
conductance that could be attributed to connexin33 hemi-pression of connexin33 and connexin37 are not known at
this time. The ®nding that cultures derived from Sertoli channels interacting with hemichannels of another con-
nexin (Table 2). To minimize interactions of the exogenousand Leydig cells express cx43 but not cx33 is of limited
value because cells, when cultured, are known to exchange connexins with the endogenous Xenopus connexin38 (Wer-
ner et al., 1989; Swenson et al., 1989), connexin38 antisensetheir tissue-speci®c connexin for a default connexin, which
often is cx43 (Stutenkemper et al., 1992). oligonucleotides were preinjected into the oocytes in sev-
eral experiments, yielding the same results (Table 2 andFor expression studies in oocytes the coding region of the
connexin33 clone was reconstructed by cassette and PCR data not shown). In the absence of the antisense oligonucle-
otide a low level of junctional conductance was observedmutagenesis to generate the appropriate carboxy-terminus
and for insertion into the expression vector pGEM-3Z(f/). in hybrid pairs between cx37 and uninjected oocytes, sug-
gesting the formation of cx37±cx38 hybrid channels.mRNA was synthesized in vitro from this construct and
injected into both oocytes of a pair. Contrary to other con- To test the possibility that connexin33 forms heteromeric
hemichannels with other connexins, connexin33 mRNAnexins, connexin33 mRNA failed to direct the synthesis of
a protein that makes patent cell±cell channels (Fig. 2, Table was coinjected with mRNA of other connexins, and sym-
metric pairs of oocytes were formed. Surprisingly, coinjec-1). The mRNA can be translated in vitro into a protein
of the predicted size (Fig. 3), indicating that the failure of tion of connexin33 mRNA resulted in a connexin-speci®c
TABLE 1
Expression of Various Connexins in Paired Oocytes
Ð Cx32 Cx33 Cx37 Cx43
0 (27) 9.86 { 2.06 (23) 0 (27) 10.60 { 2.27 (27) 8.80 { 2.31 (23)
Note. Junctional conductance is expressed in mS, and the means { SEM are given for the number of oocyte pairs indicated in parentheses.
Data from three oocyte preparations were pooled. All pairs were symmetrical, i.e., both oocytes received the same mRNA. Oocytes were
paired 18 hr after mRNA injection and junctional conductance was determined 2 hr later.
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TABLE 2 required to observe any inhibition), and that by connexin32
Ability of Various Connexins to Form Hybrid Channels was not affected at all (Figs. 4 and 5). Results of coinjection
of connexin37 and connexin33 mRNA at different ratios
Oocyte 1 Oocyte 2 gj (mS) indicated that connexin33 is inhibitory to the formation of
connexin37 channels even when connexin37 is present in1 Ð Ð 0 (9)
large excess (Fig. 6).2 CX32 CX32 2.85 { 1.05 (9)
To rule out that the inhibition of cx37 channel formation3 CX32 Cx33 0 (9)
4 Cx43 Cx43 0.39 { 0.13 (9) by cx33 occurs by competition for translational capacity or
5 Cx43 Cx33 0.002 { 0.002 (9) for transport and membrane insertion, mRNA for another
6 Cx43 Ð 0 (9) membrane protein, the cystic ®brosis transmembrane regu-
7 Ð Ð 0 (9) lator (CFTR, Bear et al., 1991) was coinjected with cx37
8 Cx37 Cx37 11.77 { 3.23 (9) mRNA. No reduction of cx37 channel formation beyond
9 Cx37 Cx33 0.13 { 0.07 (9) the dilution effect was observed with CFTR coinjection (Fig.
10 Cx37 Ð 0.76 { 0.49 (9)
4). The activity of the CFTR was checked by forskolin (20
mM), which induced a chloride current of 1 mA in voltage-Note. Oocytes injected with various connexins or noninjected
(Ð) were paired as indicated 18 hr after mRNA injection and junc- clamped oocytes held at 050 mV (data not shown).
tional conductance was determined 2 hr after pairing. Because of The inability of connexin33 to form functional cell±cell
the propensity of the oocytes' endogenous connexin (cx38) to form channels in paired oocytes could be due to several reasons.
hybrid channels with cx43 (Werner et al., 1989; Swenson et al., (1) The connexin33 coding region may be part of a crippled
1989), an antisense oligonucleotide to cx38 (Barrio et al., 1991) was connexin gene (pseudogene). This explanation is unlikely
injected into oocytes to reduce its expression. This was done for because Northern blot analysis indicates that the gene is
lanes 1±6, but not for lanes 7±10, which were obtained with a
expressed. The high tissue speci®city of expression is alsodifferent oocyte preparation. The small conductances seen in lane
indicative of an active gene. Furthermore, Southern blot10 and probably lane 9 are due to cx37±cx38 hybrid channels.
analysis of rat genomic DNA with a connexin33-speci®c
probe (including 5*-untranslated, intronic sequence and
some portion of the coding region) suggests that there is
only a single gene copy (Hae¯iger et al., 1992; Chang, 1993).reduction of junctional conductance. Channel formation by
(2) The gene could be inactivated as a result of a cloningconnexin37 was strongly inhibited, that by connexin43 was
artifact. This is unlikely because the same coding sequencemarginally inhibited (a large excess of cx33 over cx43 is
was isolated independently (Hae¯iger et al., 1992). (3) The
FIG. 4. Coexpression in oocytes of connexin33 with another con- FIG. 5. Coexpression in symmetric oocyte pairs of connexin33
nexin found in testis, connexin37. Both oocytes of a pair were injected with either connexin32 or connexin43. Both oocytes of a pair were
with the same mRNA mixture (as indicated under the bar). After injected with the same mRNA mixture (as indicated under the bar).
18 hr of incubation the oocytes were paired, and conductance was A logarithmic scale was used to accommodate values obtained from
measured 2 hr later. As a control, the cystic ®brosis transmembrane extensive dilutions. Each bar represents the mean junctional con-
regulator (CFTR) mRNA was coinjected with cx37 mRNA to test for ductance, determined 2 hr after pairing and expressed in mS, of nine
translational competition. Each bar represents the mean junctional oocyte pairs { SEM.
conductance, expressed in mS, of nine oocyte pairs { SEM.
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TABLE 3
Test of the Model
Oocyte 1 Oocyte 2 gj (mS)
Ð Ð 0 (9)
Cx43 Cx43 1.41 { 0.40 (9)
Cx37 Cx37 1.46 { 0.27 (9)
Cx43 Cx37/Cx33 1:1 0.84 { 0.22 (9)
Cx43 Ð 0.07 { 0.04 (9)
Note. Oocytes were injected with mixtures of connexin mRNAs
that mimic their proposed distribution in Sertoli cells and germ
cells. One oocyte received cx43 mRNA and the other an equal
amount of cx37/cx33 mRNA. Symmetric cx43 and cx37 pairs and
FIG. 6. Coexpression in oocytes of connexin33 and connexin37. pairs containing uninjected oocytes (Ð) are included for reference.
The cx37 mRNA was mixed with cx33 mRNA or water before Recording conditions were as given in Table 1.
injection into oocytes at the ratios indicated. Each bar represents
the mean junctional conductance, determined 2 hr after pairing
and expressed in mS, of nine oocyte pairs { SEM.
and connexin37) can form hybrid channels with con-
nexin33, and coexpression in the same oocyte results in
inhibition of connexin37 (and to some extent connexin43)oocytes may not provide the environment necessary for con-
by connexin33. Attempts to ®nd a yet-unidenti®ed con-nexin33 channels to be functional. This point is dif®cult to
nexin in testis as a pairing partner of connexin33 thus farprove or disprove. It would, however, be an unusual scenario
have failed. This was done by injecting total testis mRNAbecause a large number of channel proteins, including vari-
into one oocyte and pairing it with another oocyte injectedous connexins, are faithfully expressed and are functional
with connexin33 mRNA (data not shown).in oocytes. Transfection of the connexin33 gene into tissue
This leaves the possibility that the inhibition of channelculture cells would address this issue but may not necessar-
formation observed by coinjection with connexin33 mRNAily solve it, because there is no guarantee that any other
might actually be the physiological role of connexin33. Thecell can provide that special environment. (4) Connexin33
testis provides a scenario where an inhibitory connexinmay not be able to form channels alone but may need to
could exert an important control on gap junction formation,mix with other connexins to be part of heteromeric hemi-
disallowing coupling between germ cells while, at the samechannels or form hybrid channels in which one hemi-
time, allowing their coupling to Sertoli cells (Fig. 7). In part,channel consists of connexin33 and the second one of an-
this hypothesis is supported by experimental data. Sertoliother, still unknown, connexin. None of the connexins
cells have been shown to couple with one another exten-known to coexist with connexin33 in testis (connexin43
sively and also to couple to germ cells whereas there is no
evidence for coupling between germ cells (Gilula et al.,
1976; Meyer et al., 1977; McGinley et al., 1977, 1979; Pel-
letier and Friend, 1983; Risley et al., 1992). If connexin33
and connexin37 were expressed together in germ cells, the
data presented here would suggest that these cells could not
communicate because of the inhibitory action of con-
nexin33. Germ cells face connexin43-expressing Sertoli
cells and these two cell types can make gap junctions. To
test whether the proposed combination of connexins in the
two cells yields functional channels, oocyte pairs were
formed where one oocyte expressed connexin43 and the
other a mixture of connexin37 and connexin33. This combi-
nation indeed formed patent channels with only a slightly
lower junctional conductance than symmetric pairs ex-
FIG. 7. Model of regulation of intercellular communication by pressing either connexin43 or connexin37 (Table 3).
connexin33 in testis. It is known that Sertoli cells are connected Selective coupling has been shown to occur in testis (Gi-
to each other extensively by gap junctions (Gilula et al., 1976;
lula et al., 1976; Meyer et al., 1977; McGinley et al., 1977,Risley et al., 1992). Furthermore, sparse gap junctions have been
1979; Pelletier and Friend, 1983; Risley et al., 1992; Perez-found between Sertoli cells and germ cells (McGinley et al., 1979).
Armendariz et al., 1994; Varanda and Campos de Carvalho,No gap junctions have been described to occur between germ cells.
1994). Such selectivity could be achieved in several ways.A distribution of connexins as indicated could be responsible for
such selective coupling of the different cell types within testis. One would be the polar insertion of connexins into speci®c
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contact areas, allowing heterotypic but not homotypic junc- tions are made, and thus no conclusion presently can be
made about how the inhibition comes about.tions to develop. Another possibility would be the use of a
connexin with exclusive af®nity for another connexin. A
third possibility would be the selective inhibition of chan-
nel formation between two types of cells. Polar insertion ACKNOWLEDGMENTS
would require a rather elaborate mechanism including per-
haps cell-speci®c signaling for connexin insertion into the The expert technical help by Audrey Llanes is appreciated. This
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